C
ardiac magnetic resonance imaging (CMRI) studies in the healthy human adult have revealed consistent rotational flow patterns within the cardiac chambers (1) (2) (3) (4) . In the adult, right atrium inflowing blood from the superior vena cava (SVC) and inferior vena cava (IVC) are directed so as to avoid collision of flow and produce a consistent biphasic rotational pattern during ventricular systole and diastole (1, 5) . It is hypothesized that these patterns maintain the momentum of inflowing bloodstreams by avoiding inefficient deceleration and reacceleration of blood, while the direction of rotational flow allows blood to "slingshot" into the right ventricle following tricuspid valve opening (5) (6) (7) . There is growing interest in the complexities and impact on energetics of intracardiac flow patterns, (8) with much scope for further in vivo analysis (9, 10) .
Circulatory failure is common in prematurely born infants and is associated with preventable mortality and long-term neurodevelopmental handicap. The circulation in the premature newborn is already impaired by decreased preload (11) , poor inherent contractility (12, 13) , high afterload (14) and shunting through the fetal pathways (15) . Diastolic function is known to be altered in the newborn infant, with a significant decrease in ventricular compliance (16) as well as a significant decrease in passive ventricular filling and increased reliance on active diastolic filling during atrial systole (17, 18) . Patterns of intracardiac flow in the functionally and structurally unique newborn human heart have not been studied. Any disruption to intracardiac flow patterns could be yet another contributor to this multifactorial sequence which produces manifest circulatory failure and could be causally related to the altered balance of passive and active diastolic ventricular filling.
During the transition from the fetal to the extrauterine circulation shortly after birth, aspects of the fetal circulation could cause significant disruption to intracardiac flow patterns. Prior studies examining circulatory physiology and pathophysiology of circulatory failure in the newborn have been hampered by the lack of sophistication in biomarkers of circulatory function (19) . Arterial blood pressure, the most commonly measured marker of circulatory function, has a limited association with cardiac output (20) . Ultrasound techniques have limited repeatability in the newborn population (21) . Recently, CMRI techniques have been successfully applied to both the term and the preterm neonatal population (19, 22) , without sedation or anesthesia and while maintaining cardiorespiratory and thermal stability (23) . CMRI has been shown to have significantly increased repeatability over echocardiography in the neonatal population and also provides greater intricacy than echocardiography as it allows assessment of filling of the cardiac chambers as well as ejection fraction (19) .
The aim of this study was to use 3D phase-contrast CMRI techniques to demonstrate the presence or absence of intracardiac rotational flow patterns in newborn human infants, with a small cohort of adults examined for comparison.
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In all cases, image quality was assessed as 2 or 3 on a scale of 0-3, see Methods. These four subjects had a mean (SD) heart rate of 62 (3.9) (Figure 1a , Supplementary Video S1 online).
Infant Imaging
Whole-heart 3D phase-contrast imaging was performed in 14 newborns. No scan was complicated by significant desaturation, bradycardia, or hypothermia. No infant had evidence of structural congenital heart disease. In one case, the images were considered of insufficient quality for analysis. Demographics, image quality scores, heart rates, and assessments of intracardiac rotational flow patterns in the remaining 13 infants are shown in Table 1 Three infants had category 3 (full 360°) rotational flow (Figure 1b , Supplementary Video S2 online), 2 had category 2, and 6 had category 1 rotational flow. In 2 infants, there was no evidence of any rotational flow (Figure 1c, Supplementary  Video S3 online) .
Presence or absence of rotational flow was not associated with gestational age at birth (P = 0.24), birth weight (P = 0.17), postnatal age at scan (P = 0.70), gestation at scan (P = 0.45), weight at scan (P = 0.09), heart rate at scan (P = 0.52), or atrial area (P = 0.62).
Presence or absence of rotational flow did not appear to be associated with image acquisition quality-of the 6 infants with relatively poor image quality (grade 1), 3 had evidence of clear rotational flow, with or without a full 360° cycle being seen. In addition, despite the limited image quality, flow in these infants could still be visualized clearly at the level of the mitral and tricuspid valves.
However, the presence or absence of rotational flow did appear to be associated with the course of IVC flow inside the right atrium. Articles Groves et al.
DIsCussIoN
This study demonstrates that rotational intracardiac flow patterns that are consistently seen in healthy adults are not present in some newborn infants. Although it is possible that we have failed to visualize rotational flow patterns that formed in the subjects studied, this is relatively unlikely. The temporal resolution of our sequence was 22.6 ms, which was sufficient for the robust construction of 20 phases/cardiac cycle, even with the relatively high heart rates seen in our subjects. This is equivalent to the temporal resolution used in other studies (1) . In addition, when present, rotational flow patterns are visible over multiple phases of the cardiac cycle (1).
The spatial resolution used in our study is somewhat more limited. However, a voxel size of <1 mm displayed a mean of 374 voxels within the right atria of infants studied. While this equates to only around a third of the voxel coverage seen in adults, in our study it is equivalent to the coverage employed to successfully demonstrate rotational flow patterns in the ascending aorta in adult subjects (24) . In addition, there was no association between atrial size and presence or absence of rotational flow.
Given that our images are averaged over multiple phases of the respiratory cycle, it is theoretically possible that rotational flow patterns are seen in some infants in certain respiratory phases but not in others or that respiratory motion degraded the image quality. However, rotational patterns were consistently seen in adult subjects using the same free-breathing technique, and neonatal CMRI image quality appears to be less vulnerable to respiratory-motion artifact than adult imaging (19) . Presence or absence of rotational flow was not associated with image-acquisition quality, flow could be reliably traced through to the phase of ventricular filling, and an unambiguous pattern of nonrotational flow was seen across a range of infant weights.
As previously stated, rotational flow patterns may increase cardiac efficiency by maintaining kinetic energy and direction of flow (5,7). It has been noted that the looped cardiac structure and the atrioventricular relationship predispose to rotational intracardiac patterns in humans and that looped cardiac structures are not seen in less active species such as snails (1). Loss of rotational flow patterns has been postulated to impact on cardiac efficiency in adult pathologies such as postmyocardial infarct (5) and in dilated cardiomyopathy (2) . Studies in subjects with congenital heart disease have suggested that the geometry of inflowing blood to the total cavopulmonary connection has a significant impact on flow efficiency (25) . Although the potential momentum-conserving impact of rotational flow patterns in the adult ventricle has not always been confirmed by computational modeling studies (26), these techniques have not yet been applied to the atria. Any momentumconserving effect of rotational flow in the ventricles might be minor compared with the energy injected during ventricular systole, but this is not the case during ventricular diastole. In ventricular diastole, passive filling is vital and relatively minor decreases in the kinetic energy of atrial blood may significantly impair ventricular filling.
Cardiac function in the newborn is known to be significantly different from that in older children and adults. Newborns have decreased capacity for myocardial force generation (12, 13) , have decreased sympathetic innervation (27) and receptor number (28) , and are forced to pump against high afterload related to the sudden clamping off of the lowresistance placental circulation (14) . 
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filling is heavily reliant on atrial contraction, in contrast to the adult pattern where passive ventricular filling predominates. Newborn infants are also vulnerable to diastolic dysfunction because of their high heart rates (17, 29) , low ventricular compliance (30, 31) , and low preload associated with rapid increase in capacitance of the pulmonary vasculature with the first few postnatal breaths (11) . In addition, studies of fetal and neonatal myocardial structure have shown altered subtypes of collagen (30) and titin molecules (32) . These variations are associated with decreased efficacy of ventricular twist in systole and an impairment of recoil with potential effects on diastolic filling velocity (33) . The loss of rotational intracardiac flow patterns may be yet another factor contributing to the risk of circulatory dysfunction in the newborn and could in fact be causally related to the altered balance of passive and active ventricular filling, although quantitative analysis of both rotational flow pattern and diastolic function are clearly necessary to test this hypothesis. If confirmed, diastolic dysfunction related to absent rotational patterns may leave infants particularly vulnerable to impact of low preload, for example, during sepsis, and to the impact of tachycardia (worsened by the use of inotropic agents) when the time available for ventricular filling is already limited.
We have not yet been able to define the mechanism(s) of disruption of rotational flow in the newborn. However, the association between absence of rotational flow and deflection of blood from the IVC on entry to the right atrium is noteworthy. The eustachian valve functions in the fetal circulation to direct blood from the IVC across the foramen ovale into the left atrium and remains prominent in the neonatal period, projecting, on average, 5 mm into the right atrium (34) . By preventing blood from the IVC flowing vertically up the posterior wall of the right atrium (as seen in adults), the eustachian valve could be deflecting blood from out of the adult rotational flow path. The eustachian valve is too thin to be visible at current spatial resolution with CMRI. Although shunt across the foramen ovale is right to left in the fetal circulation, it rapidly becomes predominantly left to right in the postnatal circulation, and the foramen ovale can remain patent for some weeks (35) , with shunting tending to be more significant in preterm infants (36) . Blood flowing from the left atrium into the right atrium could therefore be disrupting rotational flow and would not be visualized by our methodology.
This study has significant limitations. To date, only small numbers of infants have been studied, so a reliable estimate of the frequency with which rotational flow is disrupted cannot be made. Our analysis of rotational flow is qualitative rather than quantitative (2), and we have not yet linked the presence or absence of rotational flow to ventricular diastolic dysfunction.
Conclusion
3D CMRI techniques suggest that intracardiac rotational flow patterns may be disrupted in the newborn infant. Further study is required to assess potential impact on preservation of momentum and diastolic function, but disruption of intracardiac flow patterns may be a further risk factor for circulatory dysfunction in this vulnerable population.
MetHoDs
MR imaging was approved by the Hammersmith Hospitals Trust
Research Ethics Committee, and written subject/parental consent was obtained for all studies.
Adult Scan Acquisition
Adult scans were performed using a 1.5 tesla Philips (Best, Netherlands) Achieva MRI scanner with an eight-channel receiver coil. The whole heart was imaged in a single acquisition in the axial or sagittal plane using a 3D phase-contrast pulse sequence. All sequences were acquired during free breathing, without the use of respiratory-compensation techniques and with retrospective cardiac gating. Acquisition parameters were repetition time (TR), 5.4 ms; echo time (TE), 2.52 ms; flip angle, 15°; matrix, 256 mm; acquired voxel size, 3 mm; reconstructed voxel size, 1.36 mm; slice thickness, 3 mm; number of slices, 40; temporal resolution, 17.2 ms; number of cardiac phases, 20; number of excitations (NSA), 1. Velocity (VENC) was encoded at 150 cm/s in all three directions. Mean (SD) scan duration for 3D flow acquisition in adults was 564 (74) s.
Infant Scan Acquisition
Infant scans were performed using a 3.0 tesla Philips (Best, Netherlands) Achieva MRI scanner with a Flex-M two-channel surface receiver coil placed on each side of the chest wall. Infants studied were inpatient in either the neonatal intensive care unit or the postnatal ward of Queen Charlotte's and Chelsea Hospital and were scanned solely for cardiac imaging research. All infants were stable at the time of imaging, tolerating full enteral feeds and receiving lowflow supplemental oxygen or no respiratory support as clinically indicated. No infant was receiving inotropic support. Infants were fed and allowed to fall into natural sleep without sedation or anesthesia, then laid in an MRI-compatible cradle with ear protection, pulse oximetry, and vector electrocardiogram monitoring. All sequences were acquired free breathing, with no respiratory compensation techniques used and with retrospective ECG gating. A pediatrician was present throughout to monitor clinical stability.
The whole heart was imaged in a single acquisition in the axial plane using a 3D phase-contrast pulse sequence. Acquisition parameters were TR, 5.6 ms; TE, 3.42 ms; flip angle, 15°; matrix, 224 mm; acquired voxel size, 2.5 mm; reconstructed voxel size, 0.84 mm; slice thickness, 2 mm; number of slices, 20; temporal resolution, 22.6 ms; number of cardiac phases, 20; NSA, 1; and velocity (VENC) was encoded at 150 cm/s in all three directions. Mean (SD) scan duration for 3D flow acquisition in infants was 432 (93) s.
Atrial area was taken from a steady-state free-procession fourchamber image (19) , with the atrial endocardial border traced from the last frame before tricuspid valve opening (37) .
Flow Visualization
Offline flow visualization of both adult and newborn acquisitions was performed using GTFlow software (release 1.4.13, GyroTools, Switzerland). Prior to flow visualization, magnitude and phase images of each acquisition were assessed for image quality by a single observer (A.M.G.) using a subjective scale where 0 = unsuitable for analysis; 1 = acceptable for analysis, significant artifacts present; 2 = good image quality, almost no artifacts; and 3 = excellent image quality, no artifacts (Figure 3) . To analyze flow within the right atrium, the SVC and IVC were defined on appropriate axial slices immediately upstream to the vessels entering the right atrium. Vessel border was defined using a semiautomatic contour-detection technique with freehand correction where necessary.
Pathlines to visualize flow were positioned to originate from the SVC and IVC from the axial slices immediately upstream to entering the right atrium. To maximize visualization, pathlines were initiated at end diastole and repeated twice within the next 2 of the 20 cardiac Articles Groves et al.
phases acquired. To obtain a dense sampling of the measured flow pattern, pathlines were depicted at triple density. This enables clear visualization despite the necessarily limited resolution in a newborn heart. The trace length (controlling the display of the length of the pathlines) was set to a quarter of the duration of the cardiac cycle. Flow pattern was investigated from all directions and at multiple time points throughout ventricular systole. Intracardiac rotational flow patterns within the right atrium were categorized as 0 = no evidence of any rotational flow; 1 = minimal rotational flow; 2 = clear rotational flow, but not completing a full 360° circle; and 3 = rotational flow completing a full 360° circle within the right atrium (Figure 4) .
Statistical Analysis
Demographics of the infants studied are presented as median and range. Differences in presence or absence of rotational flow with demographic factors and heart rate were assessed using an unpaired two-tail Student's t test. A P value of <0.05 was taken as statistically significant.
SUPPLEMENTARY MATERIAL
supplementary material is linked to the online version of the paper at http:// www.nature.com/pr Assessments of image quality for magnitude and phase images. 0, unsuitable for analysis; 1, acceptable for analysis, significant artifacts present; 2, good image quality, almost no artifacts; 3, excellent image quality, no artifacts. 
